We report on the use of a water-soluble, light-absorbing polythiophene polymer to fabricate novel photovoltaic devices. The polymer is a water-soluble thiophene known as sodium poly[2-(3-thienyl)-ethoxy-4-butylsulfonate] or PTEBS. The intention is to take advantage of the properties of conjugated polymers (flexible, tunable, and easy to process) and incorporate the additional benefits of water solubility (easily controlled evaporation rates and environmentally friendly). The PTEBS polythiophene has shown significant photovoltaic response and has been found to be effective for making solar cells. To date, solar cells in three different configurations have been produced: titanium dioxide (TiO 2 ) bilayer cells, TiO 2 bulk heterojunction solar cells, and carbon nanotubes (CNTs) in bulk heterojunctions. The best performance thus far has been achieved with TiO 2 bilayer devices. These devices have an open circuit voltage (V oc ) of 0.84 V, a short circuit current (J sc ) of 0.15 mA/cm 2 , a fill factor (ff ) of 0.91, and an efficiency (η) of 0.15%.
INTRODUCTION
Photovoltaics made using polymer-based semiconductors have become the subject of intense research in recent years [1] because they offer a number of potential advantages when compared to more traditional materials such as silicon. These organic solar cells can be fabricated using inexpensive liquidbased processing [2, 3] leading to potentially lower costs per Watt. In addition, by modifying the chemical structure of the polymers, the band gap and ionization potential can be tuned to absorb the desired parts of the solar spectrum [4] . They are also generally flexible which offers the possibility of integration into building materials and appliances [5] .
Organic polymer solar cells are generally fabricated in one of several configurations. Homojunctions consist of a single homogeneous layer between two electrodes. To date, these devices have been inefficient. However, it has been found that at the interface between two materials with different electron affinities, charge transfer is energetically favorable [6] and this discovery has led to the development of heterojunctions.
In a bilayer (or planar) heterojunction, an inorganic semiconductor (such as porous nanocrystalline TiO 2 [7] or ZnO [8] ) is deposited onto a transparent electrode (SnO 2 ). The polymer is then spin-coated or drop cast on top of the semiconductor (Figure 1) . In a bulk (or dispersed) heterojunction, nanocrystals are blended into the polymer to create a heterogeneous composite with a high interface surface area (Figure 2 ). Typically the nanocrystal has a higher electron affinity and serves as the acceptor for the electron. Electron acceptors have been fabricated from a number of materials including TiO 2 [9] , CdSe [4, 6] , CdS [10] , carbon fullerenes [11] , and carbon nanotubes [12, 13] . Bulk heterojunction solar cells with conversion efficiencies over 5% have been reported [1] .
In the work described in this paper, we utilize the unique properties of a water-soluble, light-absorbing polythiophene polymer to fabricate novel photovoltaic devices. The idea is to take advantage of the properties of conjugated polymers (flexible, tunable, and easy to process) and incorporate the additional benefits of water solubility to build high efficiency solar cells using low cost materials and processing methods.
The benefits of using water as the solvent are numerous. Solvent evaporation rates have been shown to have a strong influence on film morphology and device performance. [14, 15] and the evaporation of water can be carefully controlled using heat. Because water is a part of the fabrication process, devices made from this polymer can show improved stability under atmospheric conditions. Acidic solutions of the water-soluble polymer develop a new absorption band in the near-IR and films made from the self-acid form of the polymer show the same optical characteristics [16] . In addition to improved light harvesting from single junction cell, this increased absorption also opens the possibility for building tandem junction cells with layers made using both acidic and basic solutions in order to match a greater portion of the solar spectrum. Obviously, water is environmentally friendly and nontoxic.
PTEBS POLYMER
The polymer utilized in this research is a water-soluble thiophene known as sodium poly[2-(3-thienyl)-ethoxy-4-butylsulfonate] or PTEBS. The PTEBS was purchased from American Dye Source [17] . Tran-Van et al. [16] reported that the synthesis of the polymer occurs in 3 primary steps. First, thienyl ethanol in toluene is mixed with sodium hydride and butanesultone to form the TEBS monomer ((3-thienyl)ethoxybutanesulfonate). Tetrabutylammonium (3-thienyl)ethoxybutanesulfonate (TEBSTBA) is then synthesized from the TEBS by adding tetrabutylammonium hydroxide, extracting with CH 2 Cl 2 and drying on MgSO 4 . Finally, the PTEBS polymer is synthesized from the TEB-STBA using FeCl 3 as an oxidant.
Although the solar spectrum is concentrated in the band from 400 nm to 700 nm, most polymers show poor light absorption in the red and infrared regions [5] . This poor absorption reduces the potential efficiency of polymer-based solar cells. It has been shown that the absorption spectrum of the PTEBS polymer can be tuned by acid doping [18] . In the experiment, two solutions with 1% PTEBSNa by weight were prepared: a basic solution (pH > 7) and an acidic solution (pH ∼ 1). The basic solution was made by adding a few drops of ammonium hydroxide to the 1% PTEBS solution dissolved in deionized water. This basic solution is orange in color. For acidic solutions, PTEBSNa was dissolved in a 3 : 1 volume ratio solution of hydrochloric acid (HCl, 35%) and deionized (DI) water. The acidic solution was green in color. The absorption of the solutions was measured using a Lambda 40 UV-Vis spectrometer and the absorption spectra are shown in Figure 3 . Thin films of PTEBS made from HCl and basic solutions were also investigated. The films have an appearance similar to their respective solutions (green and orange) and the absorption spectra of the films are similar to those of the solutions. In addition to the red-near infrared (IR) absorption band reported by Tran-Van et al. [16] , a new absorption band in the ultraviolet after doping with HCl was observed.
Two mechanisms have been proposed for the change in absorption due to the addition of an acid. After acidification, the proton salt (acid form) of poly[2-(3-thienyl)-ethoxy-4-butylsulfonate] acid [PTEBSH] was obtained via ion-exchange treatment by adding hydrochloric acid into a PTEBSNa solution. In the acidification process, an equilibrium reaction occurs between sodium salt and proton salt of PTEBS, as depicted in Scheme 1 [17] .
In addition to the cation exchange between the sodium and hydrogen shown in the scheme, self-doping has also been proposed to occur in the acidification process [19, 20] . Following the removal of the cation, the counterion binds covalently to the polymer backbone chain simultaneously with electron loss in the doping and oxidation, which is different from the normal doping mechanism by the incorporation of a new anion [19, 20] . The self-doped polymers showed an increased conductivity and changes in the optical and infrared absorption after acidification [16] . These new absorption bands may lead to increased device efficiency. Figure 4 shows the electrochemical characterization of a cast film of PTEBS deposited on an FTO substrate. FTO glass was the working electrode. As is shown in Figure 4 , the oxidation onset occurs at ∼+0.6 V versus saturated calomel electrode (SCE). The HOMO level of PTEBS can be estimated at the onset point. Typically, an adjustment factor of 4. 
SOLAR CELL CONFIGURATIONS
To date, solar cells in four different configurations have been produced using the PTEBS polymer.
Titanium dioxide ( TiO 2 ) bilayer cells
In these simple devices [7] , a layer of TiO 2 is deposited onto fluorinated tin oxide coated glass. The TiO 2 is sintered and the PTEBS polymer is then drop cast on top of the resulting nanocrystalline TiO 2 layer. The PTEBS acts as the electron donor and the TiO 2 acts as the electron acceptor.
The device configuration was Glass/FTO/TiO 2 /PTEBS/ Au and is shown in Figure 1 . Fluorinated tin oxide (FTO) coated glass squares (2.5 cm × 2.5 cm) were used as substrates. The FTO coated glass has a resistance of 12.5-14.5 ohms/square and a layer thickness of 400 nm. The substrates were cleaned in ultrasonic baths with acetone, 2-propanol and then deionized water for 5 minutes each.
To make the TiO 2 films, an anatase TiO 2 powder was first suspended in deionized water to a concentration of 30% by weight and then sonicated for three hours. The TiO 2 films were made by spin coating onto the conductive FTO layer of the substrates. The TiO 2 films were then sintered at 500
• C for one hour and an Ambios XP-1 surface profiler was used to measure the exact film thickness [21] .
Three hundred ml of PTEBS solution was evenly drop cast on top of the TiO 2 layer and then dried on a heating plate at 50
• C. Any excess solution was removed with a pipet during the drying process. Finally, a mask was applied to the sample to define a 2 mm × 5 mm device area and 50 nm of gold was sputter coated onto the polymer to serve as the electrode at a vacuum of 200 m Torr.
The devices were tested in the dark and under AM1. International Journal of Photoenergy [22] that V oc can be estimated by the difference of the work functions of the electrodes. This same estimate can be applied here. As seen in Figure 6 , the difference between the work functions of gold (5.2 eV) [23] and of FTO (4.4 eV) [24] matches the measured open circuit voltage (V OC = 0.8 V). In this particular case, however, the work function of the gold contact is very close to the HOMO level of the polymer (5.1 eV) and the work function of the FTO is close to the conduction band energy of the TiO 2 (4.2 eV) [2] . This makes it difficult to ascertain the influence of the polymer and the TiO 2 on the V oc .
Titanium dioxide bulk heterojunction solar cells
Water solubility is compatible with a number of different processing techniques. For example, titania (TiO 2 ) is generally deposited from an aqueous suspension. This leads to the elegant solution of creating a bulk heterojunction [2] by depositing the nanoparticles (TiO 2 ) and the polymer in a single step by spray coating or screen printing.
The devices are fabricated on the same substrates as the bilayer devices. The PTEBS was dissolved in DI water at a concentration of 15 mg/ml and a few drops of ammonium hydroxide were added for better dissolution. The solution was stirred for three days on a 40
• C heating plate to increase the solubility of PTEBS. The solution turns orange when PTEBS is satisfactorily dissolved. Composite solution samples were then prepared by adding TiO 2 to the PTEBS solutions. The concentration of the TiO 2 relative to the PTEBS was 100 wt% (1 PTEBS:1 TiO 2 ). The solutions were sonicated for 4 hours to disperse the TiO 2 powder and prevent the separated powder from aggregating again. A 300 μl solution of TiO 2 /PTEBS was drop cast on FTO substrates until the whole surface was covered. Subsequently, the substrate with the solution on the surface was moved onto a 150
• C heating plate and dried. Both the solution and film samples were prepared in air.
TiO 2 bulk heterojunction devices have been fabricated with V oc = 0.72 V, J sc = 0.22 mA/cm 2 , f f = 0.29, and η = 0.015% [25] under approximately 300 mW/cm 2 white light illumination. The open circuit voltage can be explained in the same manner as for the bilayer structure. The low short circuit current and efficiency is likely because charge transfer to the electrodes is inhibited due to the limited paths for the separated electrons in the composite. This is because the TiO 2 nanocrystals are not always in physical contact with each other [26] , leading to discontinuous paths for electrons. Recombination occurs when the electrons leave the TiO 2 and re-enter the polymer [10] . Improved charge transport may be possible through the use of aligned TiO 2 nanorods or needles [6] . Previous experiments [27] have shown that it is possible to use electric or magnetic fields to pattern the TiO 2 . Aligned nanorods would result in continuous paths for the generated electrons to travel to the electrode.
To better understand the charge separation and transfer in the composites, photoluminescence (PL) spectroscopy was performed. It has been shown [10, 28] that the concentration of the nanocrystals affects the PL spectra and intensity. In addition, Salafsky [26] reported that the degree of the photoluminescent quenching is an indication of how well the nanocrystals are mixed in the polymer and the quality of polymer-nanocrystal interface.
The PL intensity for the PTEBS/TiO 2 composite was measured using a 50 mW, 325 nm HeCd laser with spot diameter of 4 mm. Figure 7 shows the PL of two different film samples. The first film was prepared from pure PTEBS and the second from a composite of 100% TiO 2 by weight of PTEBS. The laser was directly incident on the films and the PL was collected from the same side. To simplify the comparison, both films were approximately 10 μm thick, which is thick enough to absorb nearly all of the light from the excitation laser. As shown in Figure 7 , there is a significant quenching of the fluorescence in the composite as compared to the pure PTEBS. The PL is quenched by a factor of about 7 with the TiO 2 . Although the polymer is a good hole conductor, the likelihood of recombination in pure polymer films is high because these materials suffer from low electron mobility and short exciton diffusion lengths [9] . In the polymer-TiO 2 bulk structures, PL quenching implies that the excitons dissociate and separate successfully at the interface of PTEBS (donor) and TiO 2 (acceptor). The polymer phase in the composites is continuous and forms favorable paths for holes throughout the film.
Carbon nanotubes (CNTs) in bulk heterojunctions
Blending of CNTs into a polymer solar cell as the electron acceptor has been reported to improve exciton dissociation due to the built-in potential [29] . Our group has advanced this concept by attempting to use an electric field to align the CNTs [30] . Alignment enhances charge transport in the solar cell [6] by providing a direct path for the carriers (electrons) to reach the electrode. The carbon nanotubes used in the heterojunctions are single-wall CarboLex AP-grade with a diameter of 1.2-1.5 nm from Sigma-Aldrich [31] . The bulk length of the nanotubes is given as 20 μm but the individual length is not reported [31] . The polymer was dissolved in deionized water to a concentration of 3%. The nanotubes were added to 1% by weight. The solution was slightly basic. The polymer/nanotube solution was drop cast onto the same FTO coated glass substrates used in the other experiments. An electric field was used in an effort to align the nanotubes during curing (Figure 8 ) [32] and finally, a 250 nm thick aluminum rear contact was applied by horizontal sputtering. The rear contact was approximately 1 cm 2 for all samples. Sample thickness was checked with an Alpha-step 500 stylus profilometer and found to range between 2.5 and 8.5 μm. These relatively large thicknesses were necessary to avoid complete shunting of the cells by the nanotubes. CNTbased devices have been fabricated with V oc = 0.65 V, J sc = 0.49 μA/cm 2 , fill factor = 0.35, and efficiency = 1.35×10 −4 % [30] . Work is underway to fabricate and test thinner samples and to verify the effectiveness of the alignment.
CONCLUSIONS AND FUTURE WORK
The PTEBS polythiophene polymer has shown significant photovoltaic response and has been found to be effective for making solar cells. The absorption spectrum and the electrochemical properties (including the bandgap) have been measured. The absorption spectrum can be tuned by adjusting the pH. PTEBS offers a number of other opportunities for solar cell fabrication. ZnO nanorods can be grown perpendicularly to a substrate using wet chemistry methods. Nelson et al. fabricated bilayer devices with ZnO nanorods grown perpendicular to a ZnO backing layer [33] . Their nanorod devices used a polythiophene polymer and showed power conversion efficiencies (η = 0.20%) five times greater than similar devices made using ZnO nanoparticles. Our group is fabricating a similar design using PTEBS. The water solubility of the PTEBS may lead to improved ZnO/polymer bonding.
Other fabrication methods are also well suited to watersoluble polymers. For example, in ionic self-assembly, devices are built up layer-by-layer by alternately dipping the substrate into aqueous cationic and anionic solutions [11] . This allows the fabricator to control the thickness and composition of each nanometer scale layer [34] . In electrochemical self-assembly, well-ordered arrays of quantum dots are built by electrodepositing polymers and other materials into the pores of anodized alumina [35, 36] . The pores serve as quantum wells modifying the optical and electrical properties of the polymer and potentially resulting in higher device efficiencies. Electrospinning uses large static electric potentials from fine jets of polymer solutions [37, 38] . These jets result in fibers that can be woven into high surface area membranes. Spinning the polymer and the titania simultaneously can result in high interfacial areas. It may also be possible to align nanorods within the fibers. Future experiments will investigate these methods.
